We report a novel ( 13 C, 2 H) nuclear magnetic resonance (NMR) procedure to investigate lactate recycling through the monocarboxylate transporter of the plasma membrane of cells in culture. C6 glioma cells were incubated with [3- 13 C]lactate in Krebs-Henseleit Buffer containing 50% 2 H 2 O (vol/vol) for up to 30 hr. 13 C NMR analysis of aliquots progressively taken from the medium, showed: (1) a linearly decreasing singlet at ϳ20.85 parts per million (ppm; Ϫ0.119 mol/mg protein/hr) derived from the methyl carbon of [3- 13 C]lactate; and (2) an exponentially increasing shifted singlet at ϳ20.74 ppm (0.227 mol/ mg protein/hr) from the methyl carbon of [3-13 C, 2- 2 H]lactate. The shifted singlet appears because during its transit through the cytosol, [3- 13 C]lactate generates [3-13 C, 2- 2 H]lactate in the lactate dehydrogenase (LDH) equilibrium, which may return to the incubation medium through the reversible monocarboxylate carrier. The methyl group of [3-13 C, 2-2 H]lactate is shifted Ϫ0.11 ppm with respect to that of [3- 13 C]lactate, making it possible to distinguish between both molecules by 13 C NMR. During incubations with 2.5 mM [1- 13 C]glucose and 3.98 mM [U- 13 C 3 ]lactate or with 2.5 mM [1- 13 C]glucose and 3.93 mM [2- 13 C]pyruvate, C2-deuterated lactate was produced only from [1- 13 C]glucose or [U- 13 C 3 ]-lactate, revealing that this deuteration process is redox sensitive. When [1- 13 C]glucose and [U- 13 C 3 ]lactate were used as substrates, no significant [3- 13 C]lactate production from [1- 13 C]glucose was detected, suggesting that glycolytic lactate production may be stopped under the high lactate concentrations prevailing under mild hypoxic or ischemic episodes or during cerebral activation.
Lactate is thought to play a central role in cerebral pathophysiology both as an energy substrate for the brain and as a metabolic coupling intermediate between neurons and glial cells (Bouzier et al., 1998a,b; Qu et al., 2000; Bouzier-Sore et al., 2001 , 2003 Dienel and Hertz, 2001; Cater et al., 2003; Pellerin, 2003; Smith et al., 2003) . In particular, lactate is believed to provide the coupling mechanism between the increased consumption of glucose observed during cerebral activation and the energy demanded by neurons during glutamatergic neurotransmission ( Pellerin, 1997, 1999 ; Dienel and Hertz, 2001; Pellerin et al., 2002; Dienel and Cruz, 2003; Garcia-Espinosa et al., 2003 . Moreover, lactate is thought to serve as a vital substrate for neuronal recovery after hypoxia or ischemia (Muller et al., 1994; Schurr et al., 2001; Schurr, 2002; Cater et al., 2003) , to contribute primarily to cerebral energetics ( Pellerin and Magistretti, 2004) and to modulate intra-and extracellular pH (García-Martín et al., 2001b) .
Abbreviations: BCA, bicinchoninic acid; CPD, composite pulse decoupling; DMEM, Dulbecco's modified Eagle medium; FBS, fetal bovine serum; GAPDH, glyceraldehyde 3-phosphate dehydrogenase (EC 1.2.1.12); Glc, glucose; HEPES, N- [2-hydroxyethyl] Intracellular lactate production is normally small under physiologic conditions, increasing significantly in hypoxic or ischemic situations (Schurr et al., 2001; Schurr, 2002; Cater et al., 2003) . In these circumstances, the respiratory chain is unable to reoxidize the reducing equivalents produced by glycolysis, causing pyruvate to be reduced to lactate rather than oxidized (Perrin et al., 2002 ). Increased intracellular lactate may then be extruded to the extracellular space through the proton-linked monocarboxylate transporter (MCT) (Jackson and Halestrap, 1996; Halestrap and Price, 1999; Halestrap and Meredith, 2004) . Reduced oxygen tension and compromised blood flow under hypoxic or ischemic conditions preclude lactate oxidation and removal, resulting in lactate accumulation in the extracellular space. Under these conditions, extracellular lactate may reach concentrations even higher than those found in the intracellular space, eventually returning back to the cytosol, down its concentration gradient through the reversible MCT. Lactate molecules therefore are able to recycle between extracellular and intracellular compartments, an advantageous situation that makes lactate ubiquitously available. Despite intensive research on lactate metabolism, however, to our knowledge no previous studies have investigated lactate recycling through the plasma membrane. This is due probably to the necessity to distinguish between lactate transport and metabolism and to differentiate those lactate molecules entering the cell from those leaving it, a very difficult aspect for conventional methodologies.
Recently, our laboratory has proposed and implemented hydrogen turnover measurements as alternatives to the classic approaches based on 13 C or 14 C turnover (Chapa et al., 2000; García-Martín et al., 2001a , 2002 Moldes et al., 1994; García-Martín et al., 2002) . We herein report on an extension of this approach to monitor lactate recycling in cultures of C6 glioma cells. The method is based on the fact that the H2 hydrogen of lactate is exchanged rapidly by a deuteron in the lactate dehydrogenase (LDH) equilibrium, only in those lactate molecules that have passed through the cytosol.
MATERIALS AND METHODS

Cell Culture and Incubation Conditions
The experimental protocols used in this study were approved by the appropriate institutional review committees and meet the guidelines of their responsible governmental agency. C6 glioma cells were obtained from a local representative of the American Tissue Culture Collection (LGC Promochem, Barcelona, Spain). Briefly, C6 glioma cells were grown to confluence in Dulbecco's modified Eagle medium (DMEM) supplemented with 5% fetal bovine serum (FBS), 100 g/mL streptomycin, 25 g/mL gentamycin, 100 U/mL of penicillin and Fungizone (1% vol/vol) . Cells were cultured in sterile Petri dishes (10-cm diameter) maintained in an incubator at 37°C with a humidified atmosphere containing 5% CO 2 Proton-decoupled 13 C NMR spectra from 0.5-mL aliquots of the incubation medium were obtained at 11.9 Tesla (125.13 MHz, 25°C, pH 7.2) with a Bruker AVANCE 500WB NMR spectrometer using a commercial (5-mm) triple resonance probe ( 1 H, 13 C, 2 H) optimized for direct 13 C NMR detection. Acquisition conditions were: /3 pulses; 30.0 kHz spectral width; 1.09 sec acquisition time; 64 k words data table; and 6.0 sec recycling time. Proton decoupling was gated on only during the acquisition using a broadband composite pulse decoupling (CPD) sequence that removed the scalar 13 C-1 H multiplets, maintaining (Cerdán et al., 1990; Fan, 1996) . Spectra deconvolution and multiplet structures were analyzed using NUTS (Acorn, Freemont, CA), a PC-based (Intel Centrino Platform) NMR program.
High-resolution 13 C NMR is well suited to detect complex deuteration patterns in 13 C-labeled metabolites. This happens because the presence of one or more 2 H atoms bound vicinally or geminally to the observed 13 C results in the appearance of characteristic 2 H-induced isotopic shifts and 13 C-2 H couplings (Hansen, 1983 (Hansen, , 1988 . In the case of [3-
13 C]lactate, the substitution of one of the H3 hydrogens of the methyl group by one deuteron causes the geminal C3 methyl resonance to be shifted (⌬ 1 ϳϪ0.27 ppm) as well as split into a 1:1:1 triplet ( 1 J2 H-13 C ϭ 19.5 Hz). A smaller isotopic shift is also detected in the C3 lactate resonance (⌬ 2 ϭ Ϫ0.11 ppm), upon deuterium substitution of the vicinal H2 hydrogen by a deuteron. In this case, the singlet multiplicity of the original 13 C resonance is maintained because the vicinal coupling constant 2 H-13 C is too small to be resolved. The isotopic shifts are additive and thus analysis of shifted and unshifted ( 1 H, 2 H, 13 C) multiplets of the lactate C3 resonance allows one to detect the number of deuterium replacements both in C3 and C2 carbons of [3-13 C]lactate (Moldes et al., 1994; Chapa et al., 2000; García-Martín et al., 2001a , 2002 .
Other Determinations
Glucose and lactate concentration in the incubation media were determined spectrophotometrically using classic enzymatic endpoint methods (Bergmeyer, 1983) coupled to the increase or decrease in NAD(P)H absorption at 340 nm. Conventional methods were adapted to become operative using 96-well microplates (0.25 mL) and a vertical microplate reader (Molecular Devices, Spectramax, CA). Protein concentrations were measured using the bicinchoninic acid (BCA) assay (Sigma, St. Louis, MO). Linear (y ϭ mx ϩ b) and nonlinear exponential (y ϭ a [1 Ϫ e Ϫbx ]) fittings were carried out using the Sigma Plot . Auxiliary enzymes and cofactors were from Boehringer Mannheim (Germany). FBS and DMEM were purchased from GIBCO BRL (Gent, Belgium). The rest of the products were of the highest purity available commercially from Sigma.
RESULTS
We propose to investigate lactate recycling using the methodology presented in Figure 1 . Figure 1A illustrates the results of a representative experiment with C6 glioma cells incubated with 5 mM [3-
13 C]lactate in the presence of Krebs-Henseleit buffer containing 50% 2 H 2 O. 13 C NMR analysis of aliquots taken from the medium at increasing incubation times showed: (1) a linear decrease in the intensity of the singlet resonance from C3 lactate (ϳ20.85 ppm); and (2) 
The sequence of events is illustrated in Figure 1C . Extracellular lactate enters the cytoplasm of the C6 cell 13 C NMR in the incubation medium (Fig. 1A arrows,  Fig. 1B ). Intracellular [3-
13 C]lactate, however, may be either oxidized in the TCA cycle, resulting in the linear decrease of the total signal intensity from [3-13 C]lactate, or recycled to the incubation medium, originating the exponential increase of the isotopically shifted singlets shown in Figure 1A and 1B, respectively. In these experiments, it was possible to determine a net [3-
13 C]lactate consumption of 0.119 Ϯ 0.012 mol/mg protein/hr and a time constant for lactate extrusion of 0.227 Ϯ 0.031/hr. For an intracellular lactate concentration of ϳ5 mM, it is possible to calculate a lactate extrusion flux of 1.135 Ϯ 0.155 mol/mg protein/hr under these conditions. This indicates that lactate equilibration through the MCT is very rapid, occurring approximately 10 times faster than the net lactate uptake. At the end of these experiments, the relative ratios of shifted and unshifted areas of the methyl resonances of lactate approached 1.1, suggesting that molecules of [3- 13 C]lactate deuterated and nondeuterated in C2 lactate have virtually reached equilibrium with the ϳ50% deuterated solvent. Figure 2 shows that lactate recycling is also observed in the presence of physiologic concentrations of glucose. In this experiment, C6 cells were incubated with 2. (Fig. 4A, arrows) were monitored as indicated in Figure 4A . In this case, [3- 13 H]lactate production were 0.013 Ϯ 0.004 and 0.015 Ϯ 0.002 mol/mg protein/hr, respectively. Notably, the similar rates of production of the undeuterated and deuterated species suggest a negligible deuterium kinetic isotopic effect in this process. A summary of the metabolic balances obtained during these experiments is presented in Table I .
DISCUSSION
Lactate exchange between the intra-and extracellular spaces is thought to be a very fast process occurring in both directions because of the reversible nature of the MCT of the plasma membrane (Poole and Halestrap, 1993; Jackson and Halestrap, 1996; Halestrap and Price, 1999; Halestrap and Meredith, 2004) . These transporters are believed to operate under near thermodynamic equilibrium conditions, carrying one molecule of lactate and one proton in the inward or outward directions depending on the corresponding transmembrane gradients of lactate and protons:
Lactate exchange entails important physiologic consequences. In particular, it sets the lactate concentration in Fig. 3 the intra and extracellular spaces and determines its subsequent metabolism, coupling it to the transmembrane pH gradient and pH homeostasis. Despite its importance, direct measurements of lactate exchange are complicated because of its relatively fast time scale and the need to discriminate between transport and metabolism and between lactate molecules moving inward or outward. Previous measurements used radioactive isotopes or fluorescence methods to probe extracellular lactate transport to the intracellular space (Poole and Halestrap, 1993; Jackson and Halestrap, 1996) . We are unaware, however, of any previous measurements of intracellular lactate transport to the extracellular space through the proton-linked MCT of the plasma membrane.
We report on a novel procedure to investigate intracellular lactate exchange with the medium in cell cultures. The method is based on the fact that in deuterium oxide-containing media, extracellular lactate molecules entering the cytosol and exchange their H2 proton with a deuteron in the LDH equilibrium. In the case of [3- 13 C]lactate, the following cytosolic processes take place:
and
The combination of both, results in the net exchange of a deuteron between NADH( 2 H) and the H2 hydrogen of lactate:
The [3-13 C, 2-2 H]lactate originating in this way may return to the incubation medium where it is distinguished easily from [3- C]lactate by high-resolution 13 C NMR, because the methyl group of the deuterated species resonates Ϫ0.11 ppm from the methyl group of the perprotonated species.
Deuteration of the C2 carbon of lactate requires the transfer of one deuteron from the heavy water in the solvent to NAD(P) 2 H. This must involve first one hydration-dehydration reaction:
and second, a redox process of the general type:
where A is the metabolite incorporating the 2 H from 2 H 2 O that will be transferred later to NAD(P) ϩ in the redox process. The combination of reactions in equations (6) and (7) (Bouzier et al., 1998a,b; Cruz et al., 2001; Zwingmann et al., 2001) .
Figure 5 summarizes these and earlier results on pyruvate compartmentation (Cruz et al., 2001) . During the incubations with 2.5 mM [1- 13 C]glucose and 3.98 mM [U- 13 C 3 ]lactate (Fig. 5A) [2- 13 C]pyruvate is used as substrate. We also show that increased [U- 13 C 3 ]lactate concentrations in the incubation medium, such as those commonly found during neuronal excitation or during mild hypoxic or ischemic conditions, inhibit [3- 13 C]lactate production from [1- 13 C] glucose, suggesting that under these conditions, lactate could become a substrate preferable to glucose.
Finally, the present methodology to evaluate lactate exchange through the plasma membrane can be extended easily to other neural cells in culture or to other metabolites as long as they present exchangeable hydrogens becoming deuterated during the pass of the metabolite through the intracellular space.
